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Abstract 8 
This paper describes the use of a drone in collecting data for mapping discontinuities 9 
within a marble quarry. A topographic survey was carried out in order to guarantee high 10 
spatial accuracy in the exterior orientation of images. Photos were taken close to the 11 
slopes and at different angles, depending on the orientation of the quarry walls. This 12 
approach was used to overcome the problem of shadow areas and to obtain detailed 13 
information on any feature desired. Dense 3D point clouds obtained through image 14 
processing were used to rebuild the quarry geometry. Discontinuities were then mapped 15 
deterministically in great detail. Joint attitude interpretation was not always possible due 16 
to the regular shape of the cut quarry walls; for every discontinuity set we therefore also 17 
mapped the uncertainty. This, together with additional fracture characteristics, was used 18 
to build 3D discrete fracture network models. Preliminary results reveal the advantage 19 
of modern photogrammetric systems in producing detailed orthophotos; the latter allow 20 
accurate mapping in areas difficult to access (one of the main limitations of traditional 21 
techniques). The results highlight the benefits of integrating photogrammetric data with 22 
those collected through classical methods: the resulting knowledge of the site is 23 
crucially important in instability analyses involving numerical modelling. 24 
1. Introduction 25 
The Carrara district in Italy is one of the most productive marble quarrying regions in 26 
Europe and represents an important economic resource. Many people work in the 27 
quarries, and safety in the workplace is an overriding priority. In this context, the use of 28 
new technologies such as Unmanned Aerial Vehicle (UAV) systems to study and 29 
monitor mining and quarrying areas can be very important in risk assessment and 30 
management. Over the last decade, geomatic techniques such as Terrestrial Laser 31 
Scanning (TLS) and Digital Terrestrial Photogrammetry (DTP) have been used 32 
increasingly to characterise rock masses throughout the world (Abellán et al. 2006; 33 
Coggan et al. 2007; Ghirotti & Genevois 2007; Ferrero et al. 2009; Lato et al. 2009; 34 
Sturzenegger & Stead 2009a and b; Salvini et al. 2011; Jaboyedoff et al. 2012; Salvini 35 
et al. 2013; Francioni et al. 2015). One of the most common problems encountered in 36 
the use of these techniques, especially in the case of slopes with complex geometries, is 37 
the presence of occlusions. This study demonstrates how the use of UAV systems can 38 
overcome such limitations by acquiring data at different angles, depending on the 39 
orientation of walls. Photographs taken by UAV can be used to map all visible 40 
  
 
 
 
discontinuities irrespective of their position, attitude or elevation from the ground. 41 
Quarry walls in the Carrara marble district can be up to hundreds of metres high and are 42 
dominated by natural slopes with very complex morphologies. In these quarries 43 
conventional structural and engineering geological survey data can be collected only at 44 
the foot of slopes or by climbing on high rock walls; these data often provide an 45 
incomplete understanding of the area.  46 
The use of UAV can significantly improve the collection of geometric and structural 47 
data in such areas. The latest drone hardware and software developments allow their 48 
application in several fields of science, including the study of landslides and rockfall 49 
instability (Rau et al. 2011; Niethammer et al. 2012; Danzi et al. 2013; Salvini et al. 50 
2014; Giordan et al. 2015; Francioni et al. 2015; Turner et al. 2015). Digital Surface 51 
Models (DSMs), orthophotos and 3D models derived from processed UAV images 52 
allow accurate mapping of joint geometries and their degree of uncertainty. Such data 53 
can then be used both for the calculation of yield (in terms of commercial value) and for 54 
the deterministic analysis of stability and the study of stress distribution within slopes 55 
(in terms of safety). For these purposes, a case study was completed in the Lorano open 56 
pit (Apuan Alps, Italy). In particular, data from a UAV photogrammetric survey was 57 
used to map fractures in a buttress-shaped remnant of previous excavation activities. 58 
Data were integrated with information from traditional engineering geological surveys 59 
to derive important parameters such as fracture orientation, intensity, density, size and 60 
termination. This enabled the creation of a 3D Discrete Fracture Network (DFN) model 61 
built on the basis of geomechanical data from traditional field surveys, the literature, 62 
laboratory tests, UAV image processing and geological photointerpretation. The DFN 63 
approach allows for an excellent use of collected fracture data and can be used to obtain 64 
a 2D or 3D Synthetic Rock Mass (SRM) model. DFN is a stochastic representation of 65 
discontinuities derived from the analysis of fracture density and intensity parameters 66 
that are generally obtained by mapping line traces (discontinuities) on two- or three-67 
dimensional rock exposures. The fracture pattern, which takes into account the natural 68 
variability of the rock mass, is therefore based on statistical inputs. The various 69 
stochastic models are expected to differ; consequently, several models are required to 70 
understand simulation outcomes (Weir & Fowler 2014).  71 
The DFN approach is quite new in the field of engineering geology. Before 2010 there 72 
was almost no mention of DFNs in the proceedings of major conferences on rock mass 73 
stability analysis (Lorig 2014). However, in recent years the DFN approach has gained 74 
increased usage in numerical modelling for rock engineering purposes (Bakun-Mazor et 75 
al. 2009; Scholtès & Donzé 2012; Bahrani et al. 2014; Grenon et al. 2014; Lei et al. 76 
2014; Borghi et al. 2015). This is because the method overcomes one of the principal 77 
limitations of traditional analyses: the unrealistic assumption of ubiquitous joints of 78 
infinite length (Weir & Fowler 2014). Ideally, each joint in the rock mass should be 79 
characterised; however, the limited visibility of discontinuities (outcrop observation) 80 
precludes such detailed study (Dershowitz & Einstein 1988), even using the most recent 81 
geomatic and geophysical techniques. DFN modelling is therefore the best available 82 
option. In this work, the DFN model was built to maximise the use of fracture data 83 
collected through exposure mapping and to build an SRM model. Since the accuracy of 84 
the DFN model depends directly on the quality and quantity of available data, high-85 
definition images and 3D information derived from UAV data can make a strong 86 
  
 
 
 
contribution. In addition, both certain and uncertain joint attitudes were discerned in this 87 
work. This was done because on a flat surface like a quarry wall face it is difficult to 88 
correctly interpret the set to which a discontinuity belongs, an important point requiring 89 
further studies in the context of DFN model calibration and validation. 90 
2. Geographic and geological setting 91 
The Lorano open pit is located in the Province of Massa and Carrara, northwestern 92 
Tuscany (Italy). In 1997 a rockfall in the quarry interrupted excavation activities for a 93 
few weeks. Remediation works were subsequently carried out with the aim of ensuring 94 
safety, and a marble buttress accessible from three sides was emplaced (figure 1). Due 95 
to the ongoing quarrying activity the buttress is now about 150 m high, 30 m wide and 96 
40 m thick. 97 
The quarry is located in a fold-and-thrust belt of the Northern Apennines, which formed 98 
through the Tertiary collision (66 Ma) between the Sardinia-Corsica block and the 99 
Adria plate (Boccaletti et al. 1971; Scandone 1979; Dercourt et al. 1986). The study 100 
area belongs to the Apuan Alps metamorphic complex (figure 2), first described by 101 
Zaccagna (1932); deep levels of the belt are exposed in this, the largest tectonic window 102 
in  the inner Northern Apennines (Elter 1975; Carmignani & Kligfield, 1990; Molli, 103 
2008). The metamorphic complex consists of two main tectono-metamorphic units, the 104 
“Apuan unit” and the overlying “Massa unit”. According to the classical interpretation, 105 
the regional tectonic setting of the Apuan Alps is the result of two main tectono-106 
metamorphic events, D1 and D2 (Carmignani & Kligfield, 1990). D1, the ductile 107 
compressional event, was determined by the Tertiary continental collision between the 108 
Sardinia-Corsica block and the Adria plate; it was followed by the D2 extensional event 109 
that led to isostatic re-equilibration (Carmignani & Kligfield, 1990). During the D1 110 
event, tectonic units of the Tuscan and Ligurian domains were stacked, and deformation 111 
occurred progressively in two stages (Molli & Meccheri, 2000). The greenschist 112 
foliation (Sp) in the axial plane of isoclinal micro- to kilometre-scale folds represents 113 
the main stage. During the D2 event, the previously formed structures were deformed 114 
and developed different generations of folds and local high-strain zones associated with 115 
exhumation and vertical shearing (Molli 2012). The late stages of D2 are characterised 116 
by the development of brittle structures (low- and high-angle faults and joint systems) 117 
associated with the final exhumation and uplift of the metamorphic units in the context 118 
of the late to post-orogenic regional extension of the inner Northern Apennines (Molli et 119 
al., 2010). 120 
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Figure 1: Study area. Topography of the site (in the centre, from Salvini et al., 2014); black circle 122 
indicates the marble buttress; inset map shows the location of the study area. Panoramic view of the 123 
quarry, with the investigated buttress highlighted by a rectangle (upper left); southern side of the buttress 124 
(upper right), western side of the buttress (lower left) and eastern side of the buttress (lower right). 125 
  126 
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Figure 2: Geological sketch map of the Apuan Alps. The black rectangle indicates the location of the 128 
quarry (from Salvini et al. 2015). 129 
 130 
  
 
 
 
According to Carmignani et al. (2002), the brittle stages of the D2 phase led to the 131 
development of the three main discontinuity systems that characterise the marble 132 
district. The first system (J1), shows an average anti-Apennine direction ranging from 133 
N20-30°E to N80-90°E and a general vertical or subvertical inclination (dipping up to 134 
50-60° both to the NW and the SE). The second system (J2) ranges in direction from 135 
N120°E to N150°E with a medium-high dip generally to the E and the NE. The third 136 
and last system (J3) is often pervasive and almost parallel to the foliation (Sp); it shows 137 
a direction similar to J2 and dips steeply to the SW.  138 
The Lorano marble quarry is located in the normal limb of the “Pianza anticline” which, 139 
together with the “Vallini syncline”, represents a coupled antiform-synform with a core 140 
of Jurassic marbles and cherty meta-limestone. These are minor folds (hectometre-141 
scale) between two D1 structures known as the “Carrara syncline” and “Vinca anticline” 142 
located to the NW and the SE, respectively (Molli & Meccheri 2012). Most of the 143 
quarried marble belongs to the White Marble Group, characterised by homogeneous 144 
marbles of medium-fine grain size (about 100-200 µm), and Ordinary Marble (Meccheri 145 
1996), with a medium grain size (about 200 µm). Two subordinate types of marble in 146 
the quarry are Veined Grey Marble and Breached Marble (Carmignani et al. 2007).  147 
3. Engineering geological survey 148 
An engineering geological survey was carried out to characterise the geomechanical 149 
properties of discontinuities. Data were collected in accessible areas using traditional 150 
scan-line mapping techniques whereby all the discontinuities that intersect a defined 151 
scan line are recorded. About 100 discontinuities longer than 10 m were identified in 152 
seven scan lines. Collected data were compared with those of Profeti and Cella (2010) 153 
for the same area and integrated with DTP and TLS data from inaccessible zones, as 154 
described in Francioni et al. (2015). The attitude of 301 joints was calculated from TLS 155 
and an additional 236 discontinuities were manually measured from the 156 
photointerpretation of UAV imagery (Francioni et al. 2015). Data processing revealed 157 
the following four sets of discontinuities (named K1, K2, K3 and S1 in accordance with 158 
Profeti and Cella, 2010) describing the current state of the buttress (figure 3): S1 159 
(foliation) - SW dipping with average dip of about 50°, corresponding to Sp of 160 
Carmignani et al. (2002); K1 - SE dipping, subvertical, corresponding to J1 of 161 
Carmignani et al. (2002); K2 - NE dipping with average dip of about 50°, corresponding 162 
to J2 of Carmignani et al. (2002); and K3 - SW dipping, subvertical, corresponding to 163 
J3 of Carmignani et al. (2002).  164 
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Figure 3: Joint systems. a) Pole plots and mean attitudes of joint systems from engineering geological, 166 
DTP and TLS surveys. Data are shown in stereographic projection using the Schmidt equal-area method. 167 
b) Examples of K1, K2, and K3 joint systems and S1 foliation in the buttress (from Salvini et al., 2015). 168 
The K1, K2 and K3 systems are characterised by metre spacing, millimetre to 169 
centimetre apertures, moderate roughness and no infill. According to the Rock Mass 170 
Rating (RMR - Bieniawski, 1989) the rock mass is of good quality (basic RMR or 171 
RMRb = 76). Geological Strength Index (GSI - Hoek & Brown 1997) values within 172 
engineered areas (i.e. open pit) are variable and differ with respect to those of the 173 
natural rock outcrops (i.e. the slope above). Considering the characteristics of the 174 
marble, the GSI was estimated to vary between 50 and 60 on the natural slope and 175 
between 70 and 80 on the face of the open pit. This variation is probably due to the 176 
degree of weathering of the natural slope surface and to the fact that the joint spacing 177 
usually increases with depth (Francioni et al. 2015).  178 
4. UAV survey 179 
Due to the considerable height of the marble buttress, a photogrammetric survey was 180 
carried out using UAV technology to obtain high-resolution digital products (DSMs and 181 
orthophotos). Given the morphology of the area, a multi-rotor Falcon 8 UAV vehicle 182 
(AsctecTM Gmbh) equipped with a SonyTM NEX-5N digital camera was used (Table 1). 183 
Falcon 8 consists of eight electric rotors, a remote control system (mobile ground 184 
station) and software for flight plan management. The UAV is equipped with a GPS and 185 
an Inertial Navigation System (INS) that can record 3D spatial coordinates and the 186 
orientation of the camera at every shot (detailed description of the on board systems are 187 
reported in table 2). 188 
 189 
  
 
 
 
Table 1. UAV and camera specifications. 190 
 
UAV 
Type 
Dimension
s Engines 
Rotor 
diamete
r 
Empty 
weight 
Max. 
take 
off 
weight 
V-Form 
Octocopte
r 
770 x 820 
x 125 mm 
Brushles
s motors 
8" (~ 20 
cm) 1.1 kg 2.3 kg 
Camera Sensor type 
Sensor 
Size 
(mm) 
Image 
size 
(pixel) 
Pixel 
size 
(mm) 
Focal 
length 
(mm) 
Sony 
NEX-5 CMOS 
23.4 x 
15.6 
4592 x 
3056 
0.00476
3 
16.012
1 
 191 
Table 2. UAV on board system specifications. 192 
Device Model Main features 
GPS u-blox LEA-6 
GPS L1 frequency, C/A Code 
Velocity accuracy of 0.1 m/s 
Heading accuracy of 0.5° 
Gyroscope Analog Devices - ADXRS610 
Measurement range ± 300°/s 
Sensitivity of 6 mV/°/s 
Accelerometer Memsic - MXR9500G/M 
Tri-axis sensor 
Measurement range ± 1.5 g 
Sensitivity of 500 mV/g 
Compass Honeywell - HMC5843 
Tri-axis magnetoresistive sensor 
Field range ± 4 gauss 
Cross-Axis sensitivity of ±0.2  %FS/gauss 
Barometer Freescale - MPXA6115A 
Pressure range 15 - 115 kPa 
Accuracy of ±1.5% VFSS (0° to 85°C) 
Sensitivity of 45.9 mV/kPa 
 193 
Five vertical flights with 80% overlap and 40% sidelap ensured coverage of the entire 194 
area; the photos were taken from an average distance of 30 meters from the slope 195 
surface (Figure 4), yielding an estimated Ground Sample Distance (GSD) of about 1 196 
cm. 197 
  
 
 
 
 198 
Figure 4. Panoramic views of the camera positions. a) west side of the buttress; b) south side of the 199 
buttress; c) east side of the buttress. 200 
With the aim of improving the external orientation and level of accuracy of the entire 201 
photogrammetric model, a topographic survey was carried out using a Leica™ TCRP 202 
1203 + R1000 reflectorless Total Station (TS) and two geodetic Leica™ 1200 GPS 203 
receivers. Due to the complex morphology of the buttress and the large area, a large 204 
number of Ground Control Points (GCPs) were used to orient the photogrammetric 205 
model. The Total Station was used to acquire 54 evenly spaced GCPs within the marble 206 
buttress. Two geodetic devices operating in static mode were used to obtain the 207 
geographic coordinates of two points: the origin of the survey and its zero-Azimuth 208 
direction. The GPS data acquired were corrected using contemporary data recorded by 209 
two permanent GPS stations located in Lucca and Borgo a Mozzano (Francioni et al. 210 
2015).  211 
Specific post-processing was used to determine the absolutes coordinates of all GCPs. 212 
The 391 photos acquired through the UAV survey were processed using the AgisoftTM 213 
PhotoScan Professional software, version 1.2.3 (Agisofte, 2016). This software, based 214 
on specific feature extraction algorithms, was used to solve the camera's interior and 215 
external orientation parameters and extract georeferenced products such as 3D point 216 
clouds, DSMs, orthophotos and textured models. The first task carried out in PhotoScan 217 
was alignment processing. This was used to solve the interior and relative orientation 218 
parameters and to extract millions of Tie Points. Although the software allows for a Tie 219 
Point extraction limit, this parameter was set to 0 (no limit) in order to improve 220 
alignment and obtain a lower reprojection error. At the end of the process PhotoScan 221 
was able to align all the images and extract more than 2 million Tie Points with an 222 
average reprojection error of about 0.2 pixels.  223 
Twenty-nine GCPs measured with the TS during the topographic survey were used as 224 
control points for georeferencing the model and solving the exterior (absolute) 225 
orientation parameters. The remaining 25 GCPs were used as Check Points to assess the 226 
accuracy of the photogrammetric model. This operation was carried out by identifying 227 
the features measured through the topographic survey directly on the photos. Each 228 
feature was also associated with its relative 3D geographic coordinates.  229 
  
 
 
 
PhotoScan's optimize tool (Agisoft, 2016) was used to adjust the estimated camera 230 
positions and to remove possible non-linear deformations, minimizing the errors due to 231 
reprojection and misalignment of the photos. At the end of the process the estimated 232 
Root Mean Square Error (RMSE) of GCPs was 0.029 metres, and that of the Check 233 
Points was 0.033 metres. 234 
In order to assess the reliability of the obtained RMSEs, the selection and number of 235 
Control and Check Points on the buttress were varied. Table 3 shows the results of three 236 
tests completed by varying the number of Control and Check Points. Considering 54 237 
GCPs, when the number of Control and Check Points is varied from 29 to 16 and from 238 
25 to 38 respectively, the resulting RMSE does not change (only 1 mm for Check 239 
Points). In order to validate the RMSE achieved with 29 Control Points, the accuracy of 240 
10 Check Points was determined: 0.025 m (Table 3). From this it follows that the 241 
availability of a large number of spatially well distributed GCPs allows accuracy 242 
assessment thanks to the numerous Check Points and the correct orientation of images. 243 
Figure 5 shows the spatial distribution and error of GCPs in the final configuration (29 244 
Control Points and 25 Check Points). 245 
Table 3. Number of GCPs used for the orientation of images and the resulting RMSE. 246 
Test Nr. Control 
Points 
RMSE Control Points 
(m) 
Nr. Check 
Points 
RMSE Check Points 
(m) 
1 29 0.029 25  0.033 
2 16 0.029 38  0.034 
3 29 0.027 10  0.025 
 247 
 248 
Figure 5. Spatial distribution and error of a) Control Points and b) Check Points. 249 
  
 
 
 
 250 
Once the resulting RMSEs were checked and accepted, a dense cloud consisting of 251 
more than twenty million points was created (using the settings Medium quality and 252 
Aggressive depth filtering). This dense cloud was used to create a mesh of about 4 253 
million facets. Lastly, the 3D model was used to create the orthophotos of the buttress 254 
by removing image distortion due to camera characteristics (i.e. lens distortions), 255 
camera tilt, and topographic relief displacement. Unlike an uncorrected aerial 256 
photograph with a perspective projection, an orthophoto is geometrically corrected 257 
("orthorectified") and can be used to measure true distances since it is "scale-corrected". 258 
Four different planes of reference, one for each side of the buttress (eastern, southern 259 
and western) and an overhead view, were selected for measurements. The resulting 260 
orthophotos with a spatial resolution of 1 cm/pixel were exported in the local coordinate 261 
system; only the top view was projected into the Italian-National Gauss-Boaga system 262 
(Figure 6). 263 
  
 
 
 
 264 
Figure 6. Orthophotos. a) top view of the buttress, b) south side of the buttress, c) west side of the 265 
buttress, d) east side of the buttress. 266 
 267 
  
 
 
 
5. Fracture mapping and DFN modelling 268 
Different software allows DFN model simulations by defining the statistical distribution 269 
of joint length and intensity. In this case study the FracSim3D software (Xu & Dowd 270 
2010) was used to create the 3D DFN model. This software can simulate 2D and 3D 271 
stochastic rock fracture networks using marked point processes. The geometric 272 
characteristics supported by this software are fracture location, size (diameter) and 273 
orientation. These properties can be defined using different processes and distribution 274 
functions (Table 4). 275 
Table 4. Distribution functions available in FracSim3D. 276 
Geometrical process and distribution functions 
Locations process Size distribution Orientation distribution 
Homogeneous (Poisson) model Uniform Uniform 
Non-homogeneous process Exponential Wrapped normal (2D) 
Cluster process Lognormal Von Moses (2D) 
Cox process 
 
Fisher 
 277 
In this case the homogeneous model was adopted for fracture locations, whereas 278 
exponential and Fisher distributions were used for the size and orientation of the 279 
discontinuities respectively. The first step is to simulate the fracture location by 280 
generating a number of points. For any set, the number of points falling inside a certain 281 
area (A), N(A), follows a Poisson distribution with mean γ*v(A), where v(A) is the 282 
volumetric measure of A and γ is the intensity of the distribution. The second step is to 283 
simulate the geometry of each individual fracture. A stochastic network of 284 
discontinuities can be generated in this way.  285 
The “P” system, introduced by Dershowitz and Herda (1992), was adopted in this case 286 
study to define discontinuity density (P10 and P20) and intensity (P21). It is a common 287 
method for defining fracture density/intensity parameters starting from line traces 288 
mapping on two-dimensional survey windows, and one that provides a convenient 289 
framework for moving between differing scales and dimensions. The mentioned 290 
parameters can be calculated as follows: 291 
P10 (m-1) = (number of fractures / length of scan line) 292 
P20 (m-2) = (number of fractures / area of exposure) 293 
P21 (m/m2) = (length of fracture traces / area of exposure) 294 
The method was chosen for its simplicity and for the availability of high spatial 295 
resolution orthophotos and 3D information on the buttress. Three high-resolution 296 
orthophotos (eastern, southern and western sides of the buttress) were used to derive the 297 
“P” system parameters. In particular, a detailed cartographic approach within a 298 
Geographic Information System (GIS) was adopted. Six different surface mapping 299 
windows, two for each side of the marble buttress, were drawn on the orthophotos using 300 
the ESRITM ArcMap software. The survey windows, each measuring 10 m x 15 m, were 301 
spaced a few metres apart in the central parts of the buttress. All discontinuities 302 
  
 
 
 
observed within the windows were then measured in order to calculate the P10, P20 and 303 
P30 values. In this case the flatness of the quarry wall face represented in a 2D 304 
orthophoto complicates things because it makes it difficult to assign a discontinuity to 305 
the correct set identified through the engineering geological and geomatic surveys (only 306 
line traces are visible). The apparent inclination of every discontinuity set on each side 307 
of the buttress was therefore calculated.  308 
Because the buttress faces are irregular due to quarrying, the difficulties relating to 309 
fracture characterization partially persisted. With the aim of facilitating this operation, 310 
the top view orthophoto was used to observe the quarry benches from above (so as to 311 
“see” a second orthogonal surface). The 3D model formed by the mesh built in 312 
PhotoScan from the dense cloud and the orthophotos of the buttress were used within 313 
the ESRITM ArcGIS Pro software to have an additional control of joint attitude in 3D 314 
visualization. No additional fractures were mapped in the 3D view since the rock 315 
fracture network was simulated using a stochastic, not a deterministic approach. 316 
By combining 2D and 3D views with data collected during in-situ surveys, 317 
discontinuities on all three sides of the marble buttress were identified with a high 318 
degree of certainty. Despite efforts to minimize uncertainty, discontinuities with 319 
uncertain attitude were also mapped because some highly dipping sets (e.g. K1 and K3) 320 
produce similar line traces on the buttress surface. The deterministic maps of 321 
discontinuities (with length greater than 2 m) are shown in figures 7 and 8. 322 
 323 
Figure 7. Survey windows 1 and 2 used to map discontinuity sets K1, K2 and K3, as well as foliation S1, 324 
on the western side of the buttress. 325 
 326 
  
 
 
 
 327 
Figure 8. Survey windows 3 to 6 used to map discontinuity sets K1, K2 and K3, as well as foliation S1, 328 
on the southern and eastern sides of the buttress. 329 
After identifying discontinuities and using the P system, it was possible to measure and 330 
collect all data required to produce several 3D DFN models using the FracSim3D code. 331 
In this context, P10, P20 and P21 values were calculated using the six windows located on 332 
all three sides of the buttress. In particular, P values were calculated for both the certain 333 
(Pcertain, including only joints assigned with certainty to a specific joint set; see figures 7 334 
and 8) and uncertain attitudes (Pcertain+uncertain, including also those joints of uncertain 335 
attitude; see figures 7 and 8) of joint systems. Tables 5, 6 and 7 show the results in 336 
terms of the calculated P values. 337 
Table 5. Calculated values of P10, P20 and P21 in survey windows 1 and 2. 338 
Window 1 Window 2 
 Set P10 (m-1) P20 (m-2) P21 (m/m2) P10 (m-1) P20 (m-2) P21 (m/m2) 
K1certain 0.400 0.93 0.383 0.600 0.133 0.625 
K1certain+uncertain 0.667 0.180 0.659 1.133 0.253 0.978 
K2certain 0.000 0.040 0.079 0.000 0.013 0.019 
K2certain+uncertain 0.000 0.040 0.079 0.000 0.013 0.019 
K3certain 0.333 0.067 0.381 0.333 0.087 0.285 
K3certain+uncertain 0.333 0.067 0.381 0.333 0.087 0.285 
S1 0.000 0.087 0.146 0.000 0.040 0.108 
 339 
 340 
 341 
 342 
 343 
 344 
 345 
  
 
 
 
Table 6. Calculated values of P10, P20 and P21 in survey windows 3 and 4. 346 
WINDOW 3 WINDOW 4 
 Set P10 (m-1) P20 (m-2) P21 (m/m2) P10 (m-1) P20 (m-2) P21 (m/m2) 
K1certain 0.133 0.027 0.080 0.000 0.007 0.009 
K1certain+uncertain 0.133 0.060 0.153 0.000 0.020 0.053 
K2certain 0.067 0.080 0.162 0.000 0.000 0.000 
K2certain+uncertain 0.067 0.080 0.162 0.000 0.000 0.000 
K3certain 0.333 0.100 0.445 0.733 0.153 0.728 
K3certain+uncertain 0.533 0.167 0.634 1.067 0.233 0.996 
S1 0.467 0.180 0.493 0.133 0.027 0.065 
Table 7. Calculated values of P10, P20 and P21 in survey windows 5 and 6. 347 
 WINDOW 5 WINDOW 6 
 Set P10 (m-1) P20 (m-2) P21 (m/m2) P10 (m-1) P20 (m-2) P21 (m/m2) 
K1certain 0.733 0.127 0.412 0.333 0.067 0.407 
K1certain+uncertain 0.933 0.213 0.581 0.333 0.127 0.505 
K2certain 0.067 0.047 0.077 0.000 0.067 0.156 
K2certain+uncertain 0.067 0.047 0.077 0.000 0.067 0.156 
K3certain 0.533 0.100 0.309 0.467 0.067 0.430 
K3certain+uncertain 0.533 0.160 0.399 0.533 0.140 0.628 
S1 0.000 0.060 0.116 0.133 0.067 0.184 
In addition, information about standard deviations of the P values for every system are 348 
exposed in table 8. 349 
Table 8. Calculated SD for P10 values. 350 
 SD P10 SD P20 SD P21 
K1 0.367 0.078 0.291 
K2 0.034 0.03 0.067 
K3 0.217 0.051 0.213 
The values calculated on different survey windows show good correlation and, as 351 
mentioned earlier, can be used to generate a number of DFN models by varying the 352 
distribution functions that characterise the discontinuity sets. Figure 9 shows an 353 
example of a DFN model generated using FracSim3D. In this case certain P10 values 354 
obtained on windows 3 and 4 were used to define joint density, a Fisher distribution was 355 
used for the orientation of discontinuities and an exponential distribution was used to 356 
assess discontinuity lengths. The software can also be used to associate additional 357 
geomechanical properties to the discontinuities using a uniform, normal, exponential, 358 
lognormal or non-parametric distribution. 359 
  
 
 
 
 360 
Figure 9. Generation of a DFN model for the marble buttress using FracSim3D. K1, K2 and K3 joint sets 361 
included. 362 
The S1 foliation was not included in the shown model because it does not represent a 363 
real plane of discontinuity in the studied quarry. Nevertheless, it is a plane of weakness 364 
that could affect the stability of the buttress and will be the subject of future research. 365 
Several models can be created to assess the influence of uncertainty on the SRM model 366 
and improve the reliability of results. This is particularly important because several trial 367 
runs can be completed and analysed in order to obtain reliable results for a stochastic 368 
representation of a natural discontinuity network. For example, figures 10 and 11 show 369 
  
 
 
 
2D representations (including stereonets and normal probability plots for fracture 370 
lengths) of two DFN models generated using respectively certain and certain+uncertain 371 
P10 values (as average among all the 6 mapped windows). 372 
 373 
Figure 10. Generation of a DFN model for the marble buttress using FracSim3D with P10 certain values. 374 
K1, K2 and K3 joint sets included. a) Stereonet, b) Normal probability plot for fracture lengths, c) 2D 375 
DFN model section. 376 
  
 
 
 
 377 
Figure 11. Generation of a DFN model for the marble buttress using FracSim3D FracSim3D with P10 378 
certain+uncertain values. K1, K2 and K3 joint sets included. a) Stereonet, b) Normal probability plot for 379 
fracture lengths, c) 2D DFN model section. 380 
6. Discussion 381 
The adopted approach, based on the combined use of high-resolution UAV images and 382 
engineering geological data on a marble buttress, allowed the construction of a reliable 383 
3D DFN rock mass model. Thanks to the acquisition of images from different angles it 384 
was possible to overcome data acquisition difficulties for high steep quarry walls and to 385 
create high-resolution orthophotos from different perspectives. GCPs measured using a 386 
Total Station and GPS receivers allowed for a high level of accuracy in the external 387 
orientation of photographs, which is particularly important for joint measurements. The 388 
methodology was used to obtain accurate deterministic measurements of discontinuity 389 
intensity and density for every joint set in the marble buttress. This was particularly 390 
important because the density and intensity of discontinuities can vary at different 391 
heights of the rock mass due to stress relaxation induced by excavation activity. An in-392 
depth examination of the rock mass revealed differences in the discontinuities on 393 
different zones of the buttress. For example, the bottom of the buttress shows fewer 394 
discontinuities, probably because it has been excavated more recently and brittle 395 
fracturing associated with stress release has not yet propagated through the intact rock. 396 
The upper portions of the slope, instead, are more fractured. This difference is 397 
particularly evident in the S1 system (foliation): S1 discontinuities are numerous in the 398 
upper parts of the slope, whereas they are hard to find at the bottom of the buttress. In 399 
the lower buttress S1 is present only as a plane of weakness that may later evolve into a 400 
real discontinuity. This difference is also highlighted by P10, P20 and P21 results. 401 
  
 
 
 
Considering the buttress front, which is perpendicular to the supposed direction of 402 
relaxation of the structure, the density/intensity values of window 3 (upper window, 403 
0.467) are substantially higher than those of window 4 (lower window, 0.133). Such 404 
information is very useful in creating reliable DFN models to be calibrated for stability 405 
analysis purposes. Therefore, the possibility to obtain information at different heights, 406 
could allow the generation of realistic DFN models achieved by creating subdomains 407 
where different P values can be used. Areas with high concentrations of S1 408 
discontinuities are currently those most likely to experience problems due to stress 409 
relaxation and possibly failure. In future numerical modelling stability analyses it will 410 
be important to compare the obtained stress values with results from in-situ stress 411 
measurements (already planned in collaboration with the Massa and Carrara USL 412 
(Local Health Authority), Mining Engineering Operative Unit - Department of 413 
Prevention Hygiene Safety Workplace). This will allow better assessment of the 414 
possible effects of density/intensity values on DFN modelling and the stability of the 415 
buttress. 416 
In addition, both certain and uncertain joint attitudes were discerned in this work. This 417 
was done because on a flat surface like a quarry wall face it is difficult to correctly 418 
interpret the set to which a discontinuity belongs, an important point requiring further 419 
studies in the context of DFN model calibration and validation. Although the geometric 420 
parameters required to build a DFN (fracture location, size, shape, orientation, density, 421 
flow property and number of sets) can all be derived deterministically through 422 
photointerpretation, additional statistical input is important for generating the 423 
discontinuity sets. The presence of joints with an uncertain attitude results in a model 424 
with a higher number of discontinuities showed by comparing figures 10 and 11. In fact, 425 
the DFN model obtained using Pcertain+uncertain values, resulted in a 32 % increase of the 426 
number of discontinuities, from 306 to 404 joints. On the other hand, uncertain 427 
discontinuities may not be representative of specific sets but of random fractures. The 428 
key aspect in this case is that the amount of data collected thanks to the adopted UAV-429 
based approach can possibly lead to the development of a large number of different 430 
DFN models to be used for stability analysis purposes, which are more likely to satisfy 431 
the statistical criteria.  432 
In this case study the particular shape of the buttress was an advantage: as the buttress 433 
was accessible from three sides, it was possible to create a complete 3D model of the 434 
rock mass. By measuring the joints from different perspectives, orientation bias was 435 
minimized. Moreover, it was possible to check whether the 3D DFN model obtained 436 
from the observation of 2D rock exposures was representative of the actual buttress 437 
condition. This is illustrated well by observing the obtained DFN stereonets (Figures 9, 438 
10a and 11a) and the 2D DFN sections (Figures 9, 10c and 11c). Where, the results are 439 
very similar respectively to the engineering geological survey stereonet (Figure 3) and 440 
to the fracture traces observable on the deterministically mapped windows (Figures 7 441 
and 8). In this regard, useful information can also be obtained by analysing fracture 442 
traces lengths.  Francioni et al. (2015) reports that fracture trace lengths on the buttress 443 
range from 10 m to 30 m for K1, K2 and K3. This work correlates well with these 444 
findings, as illustrated in the two normal probability plots (figures 10b and 11b), which 445 
show that the majority of the fracture traces have lengths between 10 and 35 meters. 446 
  
 
 
 
This validation of the model confirmed the quality of results and the great potential of 447 
UAV systems in detailed surveys, even in inaccessible areas. Conversely, possible 448 
limitations in the use of UAV can be linked to the need of a UAV pilot license and 449 
experience. In fact, the accuracy of the output, can be affected by quality of data 450 
collected (photos and GCPs), hardware and software availability and, last but not least, 451 
user experience. When performing manual photointerpretation, the precision and 452 
accuracy of measurements can vary, depending on the skill of the interpreter. Although 453 
several studies have demonstrated the use and reliability of automatic and semi-454 
automatic processing of imagery and 3D point clouds for fracture mapping (Mah et al. 455 
2011; Vöge et al. 2013; Assali et al. 2014; Vasuki et al. 2014), a fully manual approach 456 
was here adopted to guarantee consistency and quality in the interpretation of 457 
discontinuities. Note that in most cases the flat and regular morphology of quarry walls 458 
only allowed photointerpretation of discontinuity traces. Final visual inspection of 459 
outputs is always required, even when using codes for the semi-automatic extraction of 460 
joints. 461 
 462 
7. Conclusions 463 
One of the main advantages of using a UAV for rock slope stability studies is the ability 464 
to acquire data in inaccessible areas where foliation and fractures may vary their attitude 465 
and other fundamental geometric characteristics. Flight plans can be customized to 466 
reach any height above the ground so that observations are optimized and occlusions are 467 
avoided. UAV data collection is non-invasive, safe and inexpensive compared to TLS 468 
and helicopter surveys (no crew required). UAV surveys can be completed quickly. The 469 
produced DSM from 3D point clouds and orthophotos are easily interpreted and can be 470 
managed in a GIS environment. A large number of features can be accurately mapped 471 
both in 2D and 3D, with great flexibility in data editing.  472 
This study shows how data from UAV image photointerpretation can be successfully 473 
used to study the geological structure of a rock mass and build a 3D DFN model of its 474 
fracture system. The importance of mapping uncertain joints has been highlighted, as 475 
well as the benefits of accurately measuring fracture density/intensity in different 476 
portions of the rock mass. Nevertheless, model calibration and validation using either 477 
in-situ stress measurement or displacement data are required to obtain reliable results. 478 
Other advantages of using UAV systems in the study of rock slope stability are linked to 479 
the possible acquisition of multitemporal data, and the ability to update data and 480 
customize the nominal scale of photo shoots. The study of rock mass fracturing can 481 
greatly benefit from this type of approach in determining both yield (in terms of 482 
commercial value) and stability (in terms of safety). Within this context, GIS 483 
environments allow for the simple, comprehensive management, processing and 484 
analysis of georeferenced data. 485 
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